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Abstract

Sequential use of alternative treatments for chronic conditions represents a complex intervention pathway; previous treatment
and patient characteristics affect both the choice and effectiveness of subsequent treatments. This paper critically explores the
methods for quantitative evidence synthesis of the effectiveness of sequential treatment options within a health technology
assessment (HTA) or similar process. It covers methods for developing summary estimates of clinical effectiveness or the
clinical inputs for the cost-effectiveness assessment and can encompass any disease condition. A comprehensive review of
current approaches is presented, which considers meta-analytic methods for assessing the clinical effectiveness of treatment
sequences and decision-analytic modelling approaches used to evaluate the effectiveness of treatment sequences. Estimating
the effectiveness of a sequence of treatments is not straightforward or trivial and is severely hampered by the limitations of
the evidence base. Randomised controlled trials (RCTs) of sequences were often absent or very limited. In the absence of
sufficient RCTs of whole sequences, there is no single best way to evaluate treatment sequences; however, some approaches
could be re-used or adapted, sharing ideas across different disease conditions. Each has advantages and disadvantages, and
is influenced by the evidence available, extent of treatment sequences (number of treatment lines or permutations), and com-
plexity of the decision problem. Due to the scarcity of data, modelling studies applied simplifying assumptions to data on
discrete treatments. A taxonomy for all possible assumptions was developed, providing a unique resource to aid the critique
of existing decision-analytic models.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s40273-020-00980-w) contains 1 Introduction
supplementary material, which is available to authorized users.
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Key Points for Decision Makers

Treatment sequences, where previous treatment and
patient characteristics can affect both the choice and
effectiveness of subsequent treatments, are increasingly
common in chronic conditions and represent complex
treatment pathways. Methods for evidence synthesis that
produce the least biased estimates of treatment sequenc-
ing effects are required to inform reliable clinical and
policy decision making.

Randomised controlled trials (RCTs) of treatment
sequences are limited; the use of RCTs of discrete
treatments may not provide good evidence on treatment
sequencing effects, and observational studies are suscep-
tible to confounding and bias.

The inclusion of discrete treatments used at different
points in the treatment pathway may bias a network
meta-analysis. Meta-regression needs to account for both
previous treatment and duration of disease.

Modelling studies of treatment sequences often apply
simplifying assumptions due to the absence of sequenc-
ing trials. This can lead to misrepresentation of the true
level of uncertainty, potential bias in estimating the
effectiveness and cost-effectiveness of treatments, and
the wrong decision.

is not straightforward. Treatment sequencing represents a
complex intervention pathway where treatment history and
patient characteristics may influence both the choice and
the effectiveness of subsequent treatments. Treatment his-
tory represents multiple factors, including, number and type
of previous treatments [9, 10], carry-over effects of prior
treatments [11-13], type, level and duration of response to
previous treatment [14—16], time on treatment [17], intoler-
ance or toxicity [16, 18], development of disease resistance
[19, 20], and burden of preceding treatments that can impact
subsequent adherence [7, 21]. Time and disease trajectory
are also important factors that can influence the effective-
ness of subsequent treatment, the impact of which can be
both dependent on and independent of previous treatments
[9, 10, 22, 23]. Subsequent treatment choices include dose
escalation, add-on therapy, a completely new treatment, or
re-use of a previously effective treatment. In some instances,
for example relapsing-remitting multiple sclerosis, previous
treatments can restrict the choice of allowable follow-on
drugs [24].

Randomised controlled trials (RCTs) provide the most
robust estimates of treatment effects to inform policy and
clinical decision making. However, RCTs of treatment
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sequences are few in numbers and do not cover the breadth
of decision making needed. As the number of available
treatments increases, the number of unique sequences will
increase geometrically [4, 25], making it impractical and
prohibitively costly to evaluate all conceivable sequences
in RCTs. The time-varying adaptive nature of many
sequences also means that innovative and novel approaches,
such as sequential multiple assignment randomised trials
(SMART3), are required for developing the dynamic treat-
ment regimens [26-28]. RCTs of discrete treatments, used
at single points in the treatment pathway, provide robust
estimates of effectiveness for their specific context, but may
not provide representative estimates for these treatments
when used in different contexts, such as the later stages of
sequences. Participants who enrol into clinical trials and
are adherent to discrete treatments may also be quite dif-
ferent from subjects in trials of treatment sequences where
alternative, subsequent treatment options are available [7,
29-31]. In sequential treatment studies, participants’ deci-
sion to end first-line treatment may be influenced by the
knowledge there is a second-line treatment readily available
[21]. Alternative data sources, which can potentially provide
context-specific estimates of treatment effects in different
sequences, are longitudinal observational studies, but these
are subject to selection bias and confounding.

Evidence synthesis methods that produce the least biased
estimates of treatment-sequencing effects are required to
inform reliable clinical and policy decision making. Due
to the limitations of primary data sources outlined above,
this is likely to require advanced meta-analytic techniques
[32-36] or mathematical modelling [37]. There is no cur-
rent guidance for best practice in this context. The Decision
Support Unit (DSU), which is commissioned by the National
Institute for Health and Care Excellence (NICE) to provide
a research resource to support the institute’s Technology
Appraisal Programme has developed a briefing document
on reviewing sequential treatments and downstream costs
[38]. This was part of a series of briefing papers and reports
developed to inform the 2013 update of the NICE meth-
ods guide. The updated methods guide highlighted the fact
that some technology appraisals may need to consider the
comparison of treatment sequences. However, neither the
updated methods guide nor the DSU’s briefing document
provided guidance on evaluating the clinical effectiveness
or modelling treatment sequences. We did not find any other
health technology assessment (HTA) guidance that provided
information on evaluating treatment sequences. Our paper
provides a first step in addressing this limitation.

As a step towards informing best practice, a compre-
hensive review of reported quantitative evidence synthesis
methods was conducted to establish what existing methods
are available and outline the assumptions they make and
any shortcomings. It is also hoped that this review will draw
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attention to this increasingly important area and encourage
future methods development.

The review of methods was conducted with the aim of
providing guidance for undertaking HTA or similar pro-
cesses, including comparative effectiveness research and
evidence-based guideline development. We did not aim to
assess the effectiveness or cost-effectiveness of treatment
sequences here, rather the methods used to develop summary
treatment effect estimates of whole sequences or discrete
treatments conditional on their positioning in the treatment
pathway. The review considered methods applied within
both clinical and economic evaluation; however, our focus
is on the estimation of clinical effectiveness and does not
consider the impact of treatment sequencing on the estima-
tion of costs or utility values.

2 Methods
2.1 Literature Search

The intention was to identify the breadth of methods devel-
oped for evaluating treatment sequences and not to identify
every study that used each method.

The breadth of our review, the recognised challenges of
identifying and selecting methodological research using
reference databases [39—41], and the fact that the major-
ity of relevant literature would likely be studies reporting
applicable methods or methodological developments as part
of a wider applied study, rather than being primarily meth-
odological studies [41], meant that a conventional systematic
search of reference databases was considered insufficient for
the current review. A number of approaches and sources
were therefore used to identify relevant methodological stud-
ies. The following bibliographic databases were searched
from inception to August 2013: MEDLINE, Embase, and the
Cochrane Library. The search strategy is provided in Online
Resource 1 (see the electronic supplementary material).
This was supplemented by hand-searching the following:
internet search engines; the websites of specific organisa-
tions, including NICE; electronic journals; the agendas of
online conference proceedings; the references of existing
reviews (listed in Online Resource 1) and relevant papers;
known author searches; and forward citation tracking. The
reference database searches were not updated, but itera-
tive and purposeful hand searches, including the PubMed
related citations function, were continued throughout the
review process. An in-depth review was conducted of rel-
evant studies identified during the initial searches. Potential
new studies then were then cross-referenced with a list of
included studies and recorded methods. More recent stud-
ies were only included if they contributed to new methods
or knowledge. The searches were deemed to be complete

when further efforts to identify information did not add to
the analysis [42] (with the most recent study published in
2016). This is analogous to reaching the point of ‘saturation’
in qualitative research [42, 43]. The searches have since been
supplemented by a recent purposeful and targeted search,
which incorporated scanning studies included in a recent
systematic review of economic evaluations in rheumatoid
arthritis by Ghabri et al. [44].

2.2 Assessing Study Relevance

The review included any disease condition and sequence of
any type of treatment. It did not consider decision problems
relating to prevention, screening/prognostic, diagnostics,
or treatment monitoring. It focused on treatment switching
based on a clinical assessment. Studies evaluating the effec-
tiveness of planned sequential administration of combined
therapy were excluded, as this represented a different type
of decision framework.

The review included studies that applied or developed
quantitative evidence synthesis methodology as part of sec-
ondary research. Studies that used qualitative or narrative
evidence synthesis and primary research evaluating treat-
ment sequences were excluded. Any type of meta-analytic
technique was considered, incorporating, but not limited
to, pairwise meta-analysis, meta-regression, network meta-
analysis (NMA), and any meta-analysis based on individual
patient data (IPD). Decision-analytic modelling techniques
developed to evaluate treatment sequencing, whether con-
ducted as part of an economic evaluation or not, were
included. Modelling studies that aimed to evaluate the effec-
tiveness of discrete treatments and incorporated the impact
of downstream treatments were only included if they spe-
cifically modelled sequencing effects. Studies published in
abstract form were excluded, as were economic evaluations
based on a single RCT.

3 Results
3.1 Overview of Included Studies

Database searches, after de-duplication, identified 752 refer-
ences, of which 94 were deemed potentially relevant after
screening titles and abstracts. Twenty-six of these could not
be further assessed as they were unavailable (n = 2), could
not be translated (n = 2), or were only published as confer-
ence abstracts (n = 22). A further 28 of those retrieved in
full were excluded as they were not relevant (Fig. 1). After
collating studies published in more than one publication,
the remaining 40 references yielded 36 studies of interest.
These were included in the review, along with a further 53
studies identified via internet and hand searches. Recent
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supplementary targeted searches identified two studies [45,
46] that contributed a new modelling technique. There were
91 studies in all.

Forty-nine (54%) studies investigated the use of disease-
modifying antirheumatic drugs (DMARDs), including bio-
logical agents (or biologics), for the treatment of inflam-
matory arthritis, including rheumatoid arthritis, psoriatic
arthritis, and ankylosing spondylitis. Fourteen (15%) related
to oncology. The remainder assessed treatments for epilepsy
(n =4; 5%), psoriasis (n = 4), depression (n = 3; 3%), glau-
coma (n = 2; 2%), schizophrenia (n = 2), type 2 diabetes
mellitus (n = 2), HIV (n = 2), neuropathic pain (n = 1), pos-
therpetic neuralgia (n = 1), sciatica (n = 1), fibromyalgia (n
= 1), chronic hepatitis B infection (n = 1), Crohn’s disease
(n = 1), onychomycosis (n = 1), and spasticity (n = 1). The
majority involved sequences of drug treatments, but some
also considered other interventions, for example, surgery
for sciatica. Only two studies were primarily methodologi-
cal [14, 47].

Meta-analysis and decision-analytic modelling were
reviewed as two distinct categories of quantitative evidence
synthesis methods.

3.2 Meta-Analytic Methods

Twenty-three studies were included in the evaluation of
meta-analytic approaches [9-11, 16, 23, 47-64]. However,
some of these studies were considered relevant in fairly
broad terms, such as providing examples of how the lim-
ited evidence base precluded the evaluation of treatment
sequencing, or representing the use of stratified analysis by
line of therapy, which could potentially provide a building
block for future methods development. These approaches
were initially not considered pertinent to the review but
because of the dearth of relevant methods identified, a
post hoc decision was made to include them as examples
of simplifying methods. This provided a more comprehen-
sive list of the approaches pragmatically used for evaluat-
ing treatment sequencing in general, rather than limited to
novel methods for developing sequence-specific summary
effect estimates. An overview of the studies, including their
aims, approaches used, and the data sources, is presented
in Table 1.

The evidence to inform treatment sequencing was broadly
considered in two ways: a one-step-at-a-time evaluation
based on a series of discrete treatments and a comparison of
whole sequences. No novel meta-analytic methods (beyond
the use of conventional pairwise meta-analysis [32]) were
identified for evaluating treatment sequences, and none
directly aimed at developing a summary estimate of effect
conditional on positioning in the sequence. Most approaches
were developed for addressing excessive heterogeneity or
specific gaps in the RCT evidence when evaluating discrete
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treatments at single points in the pathway. For example,
in rheumatoid arthritis, RCTs of initial biological therapy
investigated the use of these drugs in both early disease,
where patients have not previously received any DMARD
therapy, and as add-on therapy for established disease in
patients with an inadequate response to previous conven-
tional DMARDs, representing a heterogeneous patient popu-
lation. The first-generation biologics include tumour necro-
sis factor-o (TNF) inhibitors. Most RCTs of second-line
biologics investigated other types of biologics in participants
with an inadequate response to previous TNF inhibitors; few
RCTs evaluated the sequential use of first-generation TNF
inhibitors, whist registry data show that these are often used
in practice as second- or subsequent-line therapy [47]. The
current meta-analytic approaches, which can potentially be
used in a clinical evaluation of a health technology, are sum-
marised below.

3.2.1 Meta-Analysis of Studies Evaluating Whole
Sequences

This approach is hampered by the limited number of avail-
able RCTs of treatment sequences, which also makes it dif-
ficult to establish a closed network for implementing NMA
[56]. Observational studies can be used as alternative data
sources, but are subject to confounding and bias. The type
of observational studies used included the comparison of
participants who had received a predefined sequence of two
drugs [11], the evaluation of second-line treatment where
generic first-line treatment is used [52], and the comparison
of the outcomes of first- and second-line treatments [9, 47].
The comparison of treatments used during an earlier ver-
sus a later part of the treatment pathway ignores the likely
effect of disease trajectory, issues relating to treatment
choice, changes in pathophysiology with time, and other
confounding factors. The types of bias and limitations of
non-randomised studies that are specific to the evaluation
treatment sequences, and identified as part of the review,
are listed in Box 1.

3.2.2 Subgroup Analyses to Explore the Impact
of Treatment History when Evaluating Treatment
Sequences in a Piecemeal Fashion

The subgroups can be defined in two ways: by splitting all
studies into two or more groups, also referred to as stratified
analysis (e.g. early- vs late-stage disease, or failed previous
TNF inhibitor ‘yes’ vs ‘no’) [63, 64], or by taking partial
data from included studies (e.g. participants switching to
a second TNF inhibitor due to intolerance, lack of efficacy,
or loss of efficacy) [58]. A summary of the methods used is
provided in Online Resource 2 (see the electronic supple-
mentary material). Stratified analysis is also applied when
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REFERENCES identified by bibliographic database
searches REFERENCES identified by bibliographic database
n=1105 > searches after de-duplication
(Embase 693, Medline 342, n=752
The Cochrane Library 70) l

PUBLICATIONS retrieved for detailed evaluation
and assessment for inclusion
n=94

Publications that could not be assessed for
inclusion because:
Unable to translate

Publications EXCLUDED as they were not
deemed to be relevant

< n=28
n=2 Reasons included:
Unavailable from interlibrary loans narrative review, treatment switching not due
n=2 to clinical assessment, discussion piece or
editorial, sequential treatment RCT or
» sequential multiple assighment randomised
trial (SMART), cohort study, treatment
algorithm/guidelines developed using expert
consensus, clinical guidelines with no
Conference ABSTRACTS < evidence synthesis of treatment sequences,
n=23 survey of clinicians, not evaluating treatment

sequences/sequencing effects, review of
reviews/economic evaluations.

\ 4

INCLUDED studies identified via
reference database searches
n= 36 studies (39 publications):
2 meta-analytic studies only
33 modelling studies only

1 both*
‘HAND’ searches
Studies identified via the Internet,
author searches, reference lists of
reviews etc.) .
_ >
n=53 Studies identified via a targeted update
17 meta-analytic studies only search
33 modelling studies only n=2
3 both*
A4
TOTAL n=89
‘Electronic’ searches n=36 (40%)
‘Hand’ searches n=53
Targeted update search n=2
Meta-analytic studies Modelling studies

n=23* n=72%

Fig.1 Flow diagram showing the number of references identified, publications retrieved, and studies included in the methodology review

A\ Adis



R.A. Lewis et al.

aur

pug pue Is| se
pasn sjuawiean)
PoIopISU0D
uonenyead
Teoruy) ('sypLi
Surouonbas
pauvyd o1
pajuil] Ssau
2411022
o110 UO
pID(7) "SudW
-Jean QuI[-)s |
Se poxannel
pue ‘unerdirexo
‘ueddOULIL JO
SSQUAATIOAYD
-1S00 9} 9jen
-[eAQ 0} pawry
‘soouanbas
pouuerd paro

30

T=u
soouanbas aan -pIsuod uone 190UBD [}
-0adsoud jo ST Oy X X SO -NJBAS OTWIOUODF  -O[00 padueApyY  [€S] 800T ‘PUTH
quumIuns pue
QIUQJRIOS SIO)
-Iqryur oseury
QuIsoIA} oy
(seouonbas J10J Qouanbas
Jo) sarpnys rewndo ayy BWOUIDIRD [0 [11]
[eUOTIBAISSqQ X SOx 9JeN[BAd O],  [BUSI OTJBISBIOIN 2107 ‘1ouua)s
sjusueaI)
renuanbaos
Surredwoo
QOUIPIAS plIOM
(seouonbaes -1eax paystqnd
Jo) sorpnis M31Aa1 K[[eone BUWIOUIDILD [[90
[BUOTIBAIISQQO X SOx -wo)sAs 0],  [euar oneIseRIN  [ZS] $107 ‘SueH
S100j0 10)o8j SjuaueaI) uors  sosA[eue (sau1g juaw 491 soouanbas juow
#595BQq njosqe Surky our-pug pue -)s]  -SaI3a1 dnoi3 -1wauj jpnpraipur)  -pnjs Ul -JBAI) ABN[RAL O} IeaA ‘oyine
QOUIPIAR J[QRB[IBAY Supjuey -IPOIN 3109 JO VIAN -BIOIA -qns§ VIA payniens  -ouonbag  powure SIsA[euy Apms Jo wry uonIpuo)) 351y Apmig

(pasn yoeoidde [es1Sojopoyiow 9y 01 SUIPIOIIE PAIIPIO AT SAPNIS) SAIPNIS papnjour Aq pasn sayoroidde onAfeue-ejouwr ay) Jo MIIAIAQ | 3d]qeL

A\ Adis



31

(sarpmys duif-
pug sa -1s] Jo
sa1pnys aanered
-Wwod pue pa[[on
-uosun) saAIpnis

[eUOneAIISqO

uonesIop
-uer Junfealq
pojood {(Apms
soouanbas
1D¥-uou duo)
s[ern [oqef-uado
pajonuosun

pue SLOd

Kyrouadordjoy

0} anp pajood
SLOY Afuo
$9Ipn)s [euon
-BAIOSQO pue
(uS1s9p LIVINS
:soouanbas
Jloym jo

ouo) sTO¥

s5(S90USNDAS
-1senb a1om ¢ ‘¢
= u) soouanbas
aanoadsord jo

SLOY -aul[-pug

'SLOY ouI-1S|

A[reniuanbas
pasn uaym sI0}

-1qmur ANL
JO SSQUAATIORJ

X SOX oyl Jen[eAd of,

(Burouanbas
JUUID2L]
papnpour 52
-IDAIS 1424028
SUOTJUAIIUL
[eo13oroyoAsd
pue ‘reorsAyd
‘feo13ojooewt
-reyd Surronoo
‘ordoad 1op[o
ur uorssaidop
K1010R1j91-)USW
-Jea1) JO juauwr
-o3eurw A Jo
SQIPNIS MOIAI

X SO A[[eonewaisAs of,

IopIosIp
aarssardop
Jofeur 10§ TISS
JSI & J19)je
Aderoypooewr
-reyd Suryoyims
J10J Q0UPIAD

SOLIY)IR
projewnay  [6] 10T ‘PAOI'T

l6v]
uorssardoq 1102 ‘1odoo)

#%958(q
QOUQPIAD J[qQE[TEAY

Suiky ouIl-pug pue -1s| dnoi3  -1wauy jpnpraipur)

AU} MITARI AT IopIOSIp

X SOx -newa)sAs o, oarssardop 1ole]N  [6S] 9007 ‘Qumy

soouanbas

Kdezayjowayo

JO SSQUOATIOAYD

-1S00 pue

SSOUQATIOAYJ

) ssasse 0)

pawre uone I90URD [8)03X [o6]
X SOA  -NJBAD OIWOUODH  -0[0D PIJUBAPY 1€£19D dDIN
#S91  (souanbas juow

-pms Sur  -jean 9)enyeAd 0} Iedk ‘Joyne
-ouanbag  pouwure sisATeuy Apms Jo wry uonIpuo)) 351y Apmig

Quantitative Evidence Synthesis Methods for Assessing the Effectiveness of Treatment Sequences

(ponunuoo) | sjqey

A\ Adis



R.A. Lewis et al.

32

(‘pasn so130j01q
snoiaaid Jo 1aq
-wmu ayj 03 Sul
-p1020D §102[J2
JUUIIDAA] UL
saouaLaffip
Surununxa Jo
suoyvyUl] Y}
Jo apdwnxa un
papraodd) sio)
-IqQIUur ANLL 03
asuodsar ajenba
-peul I191je
sor3ojoiq jo
Kyayes pue Aoed STLIY)IR [29]
-9 aredwod o, projewnayy 10T ‘S[P0ydS
Suryo)ims pue
‘UOIIR[RISI 2SOP
‘uononpoxnurt
onnaderay)
Jo Surwmn ot
Surpredar ‘yv14q

(pojood j0u) ATuO pue JNJ ‘s10}

SaIpmis [euoneA -1qIqur ANL
-13SqO :QuI[-pug U} UO OUPIAD SOLIy)Ie [+9] L00T

SLOY eul-Is| X X SOX ) MIIAJI O, plojewnayy ‘IozZew|y-zareng
SIoyqryur ANL
M sjudwIean
snoraaxd jo
Joquinu 9y}
pue sor30[01q
03 asuodsaz
[eorur[d Ay
uoamyaq diys

-uonejal syl shLye [8sl 1102
X SO dJen[eAd O, projewnayy ‘wneg-sepuay

SLOY X ON

uonesIuopuel
Sunyearq pajood
{S9IPN)S [RUONIBA

-195qO0 pue sT.OY

$109p0 I030€] sjuoujean) uors  sosA[eue (saupy juow 4591 ¢seouanbas juowr
#5958Qq njosqe Surky our-pug pue -)s]  -Sa131 dnoi3 -1va.j jpnpraipur)  -pnjs Ul -JeAI) ABN[RAR O} Ieof ‘royine
QOUIPIAR J[QRB[IBAY Sunjuey  -TpoN 7109 JO VIAN  -BIRIN -qng VIA poynensg  -ouonbog  pouure sisAeuy Apnis Jo wry uonIpuo)) 351y Apmig

(ponunuoo) | sjqey

A\ Adis



33

(s1sppup
dnot3qns u
JUUIIDA] SNO
-1024d fo 192ff2
3unpnpaa fo
a)dwwxa up
§2p1404) 10}
-IqQIUur ANLL 03
asuodsar ayenba
-peut 19ye (7)
XL ondsop
JSBASIP QAIIOR
(1) :suonenys
[eo1uId om)

ur so13ojo1q
Jo Koeoyge

ON aredwoo of,

QuOU SA 2In
-I'e} A4VINA
[RUOTIUSAUOD SA
amyrej o150[01q
pue duou sA
admyley ANL 10J
sasATeue dnoi3
-qns pauuerd
papnjou] so130]
-01q Jo Kjoyes

SLIY)IR
projewmayy  [09] 110Z “101eS

SOLIY)IR
projewnayy  [€9] 600z ‘ySuIS

Surky ouI-pug pue -1s| -1pa.) [pnplaIpul)

QOUIPIAS J[qR[ICAY

pue Koeoyjo
ON aredwoo of,
#S91  (souanbas juow
-pms Sur  -jean 9)enyeAd 0}
-ouanbag  pouwure sisATeuy Apms Jo wry

IeaA ‘Ioyine

uonipuo) 181y ApmS

Quantitative Evidence Synthesis Methods for Assessing the Effectiveness of Treatment Sequences

(ponunuoo) | sjqey

A\ Adis



R.A. Lewis et al.

34

SLOY

SLOY

X

o
VLA
YIM PAUIGUIOD
VN SIuasa.
-dau ‘sa1pnis
Lavunad fo Sur
-140da4 100d
Y1 anp YW
u1 AI1LIPAOI D
SO SJUGUIDIL)
snotaaad Sun
-pnpout fo
saduaqoyo ayy
Jo apdwnxa up
saproid) X LN
03 asuodsaz
djenbopeur
yim syuaned
ut sionqyut
AN Jo Aoeoygo
ON aredwoo of,

(VIAN pue
AN duIquIod
0] Apn3s 3sI
‘YN ui uoy
-pANp ISDASIP
40f 1unod2ov oy
Y Suisn Jo
ajduvxa up
sap1ao.4d) SIo)
-IqIqur ANL
QToMm YOTYM JO
Ja1y ‘sor3oolq
Inoj jo Aoeoryyo
ON oyjaredwoos of,

sy [19]
plojewnayy 10T ‘ZHWyds

SILIYLIE
projewnay  [LS] L00T “UWOXIN

#%958(q
QOUQPIAD J[qQE[TEAY

$109]J9
JInjosqe
Sunjuey

I030€] sjuoujean)
Surky ouI-pug pue -1s|
-IPON 110q Jo VIAN

uors
-so1301
-BRIN

SasA[eue
dnoi3
-qng

(sau1y juawut
~1Da4g (pnplapuy)
VIA paynieng

%591
-pms 3ur
-ouanbag

({,Soouanbas juow
-JeaI) 9Jen[eAd 0}

pawre SISA[euy Apms Jo wry

IeaA ‘Ioyine

uonipuo) 181y ApmS

(ponunuoo) | sjqey

A\ Adis



35

(uoyv.anp
aspasp puv
ayvndg sno
-1424d papnjour
P242PISU0I
$.4010D,])
CaavIna
OTRYIUAS pajed
-Ie) pue [BO130]
-o1q) sarderoy)
Ppo3asSie) Sumnse)
uoym asuodsar
jusunear) Ay} Jo
SIQYIpOW 10919
PAIaPISUOD

9q p[nod son
-S119)oRIRYO
aurfaseq juaned
puE BLIDILID
Aniqrsre rern
Ul SUOTBLIBA

J1 oUIISIOP O,

SnLyIe [o1] s10T
projewnayy “UASUASLIYD

({,Soouanbas juow
-JeaI) 9Jen[eAd 0}
pawre SISA[euy

Suiky ouIl-pug pue -1s| dnoi3  -1wauy jpnpraipur)

QOUIPIAS J[qR[ICAY

Apms Jo wry

IeaA ‘Ioyine
uonIpuo) 181y Apmis

Quantitative Evidence Synthesis Methods for Assessing the Effectiveness of Treatment Sequences

(ponunuoo) | sjqey

A\ Adis



R.A. Lewis et al.

(erep
[oA9[-1uonjed

[enpIAIPUL) STOY

SLOY

(uonyv.anp
asDaSIp pun
ayvndg sno
-1024d papnpour
Pa42pISu0d S0}
-OD,]) SAJIAJP
10 SQYVINA
[EUONUIAUOD
PIm Juauean
aurf-pug 0}
asuodsar Sur
-jo1paid s10)

ON  -oej Aynuaptof,

(sa1pnzs
Lavunad fo Sur
-140da4 100d
Ui anp Y\ ul
2ID1LIPAOD D SD
SJUIULD AL SNO
-142.4d Suipnjoun
Jo saduapyo
Y] SIDAISUO
-wa@) XIN
0) asuodsar
renbopeur yim
syuaned X LN
sA so13oj01q
uoamleq
KoeoTjjo 9AT)
-eredwoo jo
opmugew

o) M paje
-100SSe dIe
SONSLID)ORIRYO
juoned pue
S10)o®J [BIUI]D

ON YoM arodxa o,

snLye [ez]

projewnayy Q00T ‘UOSIPUY

snLge [+¢]
projewnayy $107 ‘sIowuey]

#%958(q
QOUQPIAD J[qQE[TEAY

Surky ouI-pug pue -1s| -1pa.) [pnplaIpul)

#S91  (souanbas juow
-pms Sur  -jean 9)enyeAd 0}

-ouanbag  pouwure sisATeuy Apms Jo wry

IeaA ‘Ioyine
uonIpuo) 181y Apmis

36

(ponunuoo) | sjqey

A\ Adis



37

s p:(SQOUANDOS

3o 2uo) SLOY

SLOY

unerdifexo

1O UBDQJOULI]
snid AT-NA
arom sarderay)
Sull-Is| ple
-pue)S ‘TeATAINS
[[eI9A0 UO
‘unerdifexo

PUE ‘UBOOULI
‘AT-N4 ‘siuade
91X0)0)40 2A1OR
Q011 [T JO
Apiqerreae oy
Jo doueyrodwr

[enied 9y 9JenyeAd of,

(siuaned oAreu
XLN U X LN
uey[) SNOIBILYD
Q10w SI0JIqIYUT
ANL IV
(PAIRU-X LN
ore oym asoy)
0} paredwod
XLIN 0}
asuodsax
9renbapeur ue
yim syuaned
ur JUSIYIP
sIoNqIuur AN.L
ary :3urmor[oy
9y} papnjour
saAnOalqo

oy} Jo om],
*$0130[01q JO
Kouaroyge oy
10} diysuonefor
asuodsar—asop

ON oyjaredwoo o],

JOOURD 10X [16]
-0[09 PAJUBADPY 007 ‘Aopoin

snLye [ss]
projewnayy 107 ‘PWIPURY

#%958(q
QOUQPIAD J[qQE[TEAY

Surky ouI-pug pue -1s| -1pa.) [pnplaIpul)

#S91  (souanbas juow
-pms Sur  -jean 9)enyeAd 0}

-ouanbag  pouwure sisATeuy Apms Jo wry

IeaA ‘Ioyine
uonIpuo) 181y Apmis

Quantitative Evidence Synthesis Methods for Assessing the Effectiveness of Treatment Sequences

(ponunuoo) | sjqey

A\ Adis



R.A. Lewis et al.

38

sa1pmys
[euonBAISqQ X

sauly pug

SA ST JO soIpns
aaneredwos
dofoaap 03 pasn
BIRp ANSISa1
‘(eyep [9A9]
-juoned [enpia

(sonqryui
ANL 1p1uanbas
paiviod.iodul
1apout druou
-022 40f
s1sppup £pans
-U2g) Judwedn)
oy} ut sxonqryut
ANLL JO ssau
-QAI}09]J9-1S09
pue ‘Kjoyes
‘SSQUIAT)ORIJ
[edturyd /)

Sox QUIWIANP O, SHLIYLIE ONRIIOS

SojeWINSd
SSQUAAT)ORYJO
QUI-puUg ULIOJUT
0] 20UPIAD
aurf-)sT Sursn
9sBQq Q0UIPIAD
ue ostumdo 0)
MOH ‘VIAN
1oNpuod 0}
QOUAPIAD JO
SyIOM)OU
PJO2UUOISIP
103UU0D 0} MO
:sonssT Aoy

0M) $ISSAIPPY
"SQUIDIPOW MU
JO SSOUAATIORY
JATIR[I O}
Jjensuowop
djoy 03 pesn oq
ued ‘saLNSIZaI
juenjed woiy

[91]
110T ‘s103poy

[Lp] (morre
QN)3-TWI MMM
//:sdny :Apnys
aseo j09lo1g

-1pur) SoLNSISax ‘eyep plIom-[ear SILIYLIe e300 TIAI)
juoned pue sT.OY [enred  moy alo[dxa o, projewnayy 910T ‘sweiqy
$109p0 I030€] uors  sosA[eue (saupy juow 4591 ¢seouanbas juowr
#5958Qq njosqe Surky our-pug pue -)s]  -Sa131 dnoi3 -1va.j jpnpraipur)  -pnjs Ul -JeAI) ABN[RAR O} Ieof ‘royine
QOUIPIAR J[QRB[IBAY Sunjuey  -TpoN -BION -qng VIA poynensg  -ouonbog  pouure sisAeuy Apnis Jo wry uonIpuo)) 351y Apmig

(ponunuoo) | sjqey

A\ Adis


https://www.imi-getreal.eu/
https://www.imi-getreal.eu/
https://www.imi-getreal.eu/

39

Quantitative Evidence Synthesis Methods for Assessing the Effectiveness of Treatment Sequences

s[eLn ay) Jo sioyine Y} Aq apew sarderdyy aul-pug Surareoa1 syuaned jo requinu Y payrodar 1eyd SEOY paysqnd popnoUL s«

JUSWITEAT) QUI[-PUZ SWES ) 9ATEIAI 0) U0 Juam sjuaned jo uoniodoid y3iy 1o ‘[ooojoxd ur paugeperd juswjean juanbasqns Yirm Jusw)ear) ourf-1s| Jo sI.DY :S[ern Surouenbos-1seng) ...

[onuod 0qaoe[d 10 9ATIOR UB QYIS PIpN[oul STV, IS[IYM ‘[onuod 0qadeld e papnjour s1.0¥ 0g9oe[d, {Sjuouiean 93910SIp JO UOTIBN[BAD ) 0) JB[aI ST, ‘PoIels ISIMIOYIO SSOU() 4 x

sour[ Juduwiean Jurredwod 10 sa0uINbas AJOYM

10)0kJ SISOIOQU INOWN) JAL ‘[BLI) pastwopuel juswiugisse ofdnnur fen
-uonbas [y VS ‘[eL1) PI[[ONUOD PASIOPUEI 7)Y IBAI) O} PAPIAU SIdQUINU JA/N ‘WLIRY 0} PAPIAU SIdQUINU AN ‘SISA[EUB-BIOW JI0MIOU YN “OIUS[[OOXH 218 pPue YI[esH JI0j msu] [eUOTEN
ADIN “O1eXamoyIouWl X7 ‘SISA[eUB-CIoW Vj “OAIIRIIU] SQUIOIPIA QANBAOUU] JJ{] ‘ULIOAOONS[-[IORINOIONY A7-/) ‘Snip onewnayinue SUIKJIPOW-aSeasIp YV ‘SSUIepms [earurd H)

SLOY X [enred

SLOY X SOA

(Sjua1ID2AL]

Jo aouanbas)
wyIose
jusuIeal) paseq
-90U9PIAD UR
10 resodoid e
Jo siseq ay) se
HNN pue INN
JO uone[noed
9rep-03-dn

dofeaap o1, ured onpredoinoN

(8urouanbas
JUUIDAA]
papnjoul japout
21UUOU0IT])
“UaIpqIyo ur
Ksdorido 10§
s3nap ondopid
-onue Jomau JO
SSQUAATIOAYD
-1S00 pue
SSQUOATIOAYD
[eQIUI[S 9y}
QUIUEX? O],

Asdomidg

[os]
$00¢ ‘dnrouury

[8¥]
9007 “Yoouuo)

$109]J9
JInjosqe
Sunjuey

I030€] sjuoujean) uors  sosA[eue (saupy juow 4591 ¢seouanbas juowr
Surky our-pug pue -)s]  -Sa131 dnoi3 -1va.j jpnpraipur)  -pnjs Ul -JeAI) ABN[RAR O}
-IPON WOqJOVIAN  BIRIA -qng VN peynens  -ouenbog  pawre sisAfeuy

#%958(q
QOUQPIAD J[qQE[TEAY

Apms Jo wry

uonIpuo)

IeaA ‘Ioyine
351y Apmig

(ponunuoo) | sjqey

A\ Adis



40

R.A. Lewis et al.

conducting separate meta-analysis for each line of therapy
(e.g. first- or second-line biologics) [62, 64] or for different
patient populations (e.g. participants with no previous his-
tory of biologic therapy or participants with an inadequate
response to previous TNF inhibitors) [10, 60]. The main
limitation of using subgroup analyses is that it only allows
for the comparison of two subgroups at a time, with or with-
out one covariate. All other covariates are pooled, and each
analysis is confounded by other variables [65].

3.2.3 Meta-Regression to Adjust for the Previous Treatment

This approach was not generally used for the sole purpose of
evaluating treatment sequences, but was used to account for
the heterogeneity within the meta-analysis or NMA. A sum-
mary of the methods used is provided in Online Resource
2. The covariate representing previous treatment was often
dropped from the final analysis due to non-significant find-
ings [54, 61], possibly due to lack of power, as previous
treatment was generally poorly reported in primary studies
[10, 54]. However, lack of variability between studies can
also contribute to non-significant findings, especially when
the meta-analysis is used to compare treatments applied at a
single point in the pathway, or where the ordering of treat-
ments is much the same in a given disease. To avoid prob-
lems with insufficient power, a limited number of covari-
ates are incorporated in the meta-regression. This frequently
included disease duration. For example, a study, which com-
bined the use of NMA and meta-regression to account for
the significant heterogeneity between studies of biologics for
rheumatoid arthritis, included only two study-level covari-
ates in the meta-regression, disease duration and a measure
of baseline disability [57]. The analysis included RCTs of
participants who were DMARD naive and RCTs of partici-
pants with an inadequate response to these drugs lumped
together. Disease duration could potentially be considered as
a proxy for previous treatment use, as the likelihood of fail-
ing prior treatments will increase with increasing duration.
However, there is also justification for including treatment
history as a covariate, especially when pooling (lumping
together) studies across different treatment lines [10, 23].
The inclusion of both covariates could help to disentangle
whether long standing disease per se is associated with a
poor response to treatment, or whether failure on previous
treatments predicts response to subsequent treatment [22].
The use of IPD is likely to enhance the application of this
approach [10], but studies that used such data were still ham-
pered by the poor reporting of previous treatment [23].

A further limitation of conducting an NMA of all discrete
treatments irrespective of where they are used in the path-
way is that previous treatment(s) can both have an impact
on treatment effect, acting as an effect modifier, resulting in
heterogeneity, and be associated with the type of treatment
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comparison, acting as a confounding factor and lead to
inconsistency in the network. For example, in an NMA of
sciatica treatments, non-invasive treatments were more likely
to be used as initial treatments and invasive treatments were
used after the failure of other treatments in patients with a
more long-standing and less responsive condition [66].

3.2.4 Network Meta-Analysis Incorporating Multiple
Treatment Lines, for Example, First- and Second-Line
Treatments, as Separate Treatment Nodes

This approach was not developed for evaluating treatment
sequences as such, but rather to evaluate methods for incor-
porating real-world data in evidence synthesis of second-line
treatment. In particular, the approach sought to optimise an
evidence base using first-line evidence to inform second-line
effectiveness estimates. The methods were applied as part
of the GetReal project case study of biologics in rheuma-
toid arthritis [47]. The authors had access to IPD from two
national registries and five RCTs (two investigated second-
line treatment). A series of Bayesian univariate and bivariate
NMA was conducted that incorporated both treatment lines.
The data from RCTs provided separate networks of evidence
for first- and second-line biologics. No RCT reported on
both treatment lines; thus the exchangeability assumption
was needed to connect the two networks by assuming all
treatment effects have a common distribution. The univari-
ate analysis utilised the registry data as data, whereas the
bivariate analyses used the registry data to inform the prior
distribution for the correlation parameter between first- and
second-line treatments. In the univariate analysis, relative
effect estimates for first- versus second-line treatment were
obtained from the registry, allowing the two networks to
be connected and for treatment comparisons (e.g. drug A
in first line vs drug A in second line) to be obtained. The
use of multivariate analysis allows separate outcomes to be
modelled simultaneously, using the correlation to borrow
information across multiple outcomes or time points. Here,
the treatment effect for first-line treatment was modelled as
outcome 1 and second-line treatment as outcome 2, and the
correlation was that of between treatment lines. The initial
bivariate NMA was conducted using RCTs of first- and sec-
ond-line treatments. The correlation estimate was obtained
by conducting standard pairwise meta-analysis, based on
registry data split into first- and second-line response, and
monitoring the correlation. In a second bivariate analysis,
the registry data were used as part of the NMA by being split
into multiple pairwise studies. This allowed for modelling
between-study correlation between the lines of therapy. A
third analysis used data from the registries, reporting treat-
ment effect estimates on both lines, which allowed for relax-
ing the exchangeability assumption on the average level.
The biggest challenge here was developing an estimate of
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correlation between first- and second-line treatments to con-
duct the analysis. The assumptions of consistency and simi-
larity, across the pairwise contrasts, within the NMA may
also be difficult to justify, as discussed above in the NMA
of sciatica treatments example. The limitations of relying
on observational studies comparing first- and second-line
treatment are discussed in Sect. 3.2.1 and Box 1.

3.2.5 Developing a Specific Multiplication Factor that Can
be Applied to the Summary Effect of a Treatment
Used as First Line in Order to Represent Its Use
at a Later Point in the Pathway

This approach is not a meta-analytic method as such, but
was used to adapt the findings of meta-analysis of discrete
(first-line) treatments to represent sequencing effects. The
optimal approach for developing a multiplication factor
is yet to be established. Current methods incorporate two
approaches [16, 48]. One study, investigating TNF inhibi-
tors for psoriatic arthritis, obtained modifying factors from
an observational study comparing the class of drugs used as
first-line and subsequent treatment for rheumatoid arthritis.
A different multiplication factor was developed, depending
on whether the initial TNF inhibitor was discontinued due
to inefficacy or adverse effects [16]. A second study devel-
oped a reduction factor based on the data available for one
antiepileptic drug for which there was an RCT of its use at
two different time points, first-line monotherapy and later as
an add-on therapy [48]. Modification factors were primar-
ily used by modelling studies, with most not reporting the
methods used for developing them [18, 67-72]. Most used
estimates based on available evidence, mainly an observa-
tional or previous modelling study, the choice of which was
frequently not justified. The reduction factor used in the
most recent (2020) economic evaluation [45] was obtained
from a pragmatic RCT of non-TNF-targeted biologic ver-
sus a second TNF inhibitor to treat rheumatoid arthritis in
patients with insufficient response to their first anti-TNF-
inhibitor (Gottenberg et al. [73]).

3.3 Decision-Analytic Modelling
3.3.1 Decision Modelling Methods

Seventy-two modelling studies were reviewed and fifty-two
distinct models identified [14-18, 45, 46, 48, 53, 56, 67-72,
74, 74-101, 101-127]. An overview of the included model-
ling studies is provided in Online Resource 3 (see the elec-
tronic supplementary material). Most modelling studies were
conducted as part of an economic evaluation. A wide range
of modelling techniques were used to address a broad spec-
trum of treatment-sequencing decision problems (Box 2),
which included identifying the optimum sequence; adding a

new drug to an established sequence; comparing ‘step-up’ or
‘step-down’ treatment approaches; comparing different treat-
ments used at the same point within a sequence; evaluating
a drug used at different points within a sequence; and com-
paring predefined sequences. The sequence of treatments
being modelled ranged from a fixed sequence of a limited
number of treatment lines to variable treatment algorithms
where patient history and characteristics dictate the choice
of subsequent treatments.

Two published taxonomies developed for categorising dif-
ferent modelling techniques according to their key features
[128, 129], along with other guides and algorithms that have
been developed to aid the selection of an appropriate mod-
elling technique (or structures) for economic evaluation in
general [97, 128-140], were used to categorise the included
studies and inform the data extraction. The advantages and
disadvantages of each modelling approach were assessed as
part of the review. The choice of an appropriate modelling
approach depends on the complexity of the underlying deci-
sion problem, the extent of the treatment sequences being
investigated, and the disease condition. Table 2 provides an
abbreviated summary of the overall findings of the review
of modelling studies, including how treatment sequences
were conceptualised within different modelling approaches
(column 2); and the type of the additional attributes in the
decision problem (beyond the sequencing of individual
treatments) and disease condition that were captured by the
included models (column 3). A more detailed summary of
the methods and findings of the review of modelling studies
is provided in Online Resource 4 (see the electronic supple-
mentary material). The modelling techniques used included
deterministic decision tree, stochastic decision tree, Markov
cohort model, partitioned survival cohort model, semi-
Markov cohort model, individual-patient simulation state
transition models, discrete event simulation, discretely inte-
grated condition event (DICE) simulation, non-terminating
population-based simulation, terminating population-based
simulation, and dynamic Markov cohort model. No study
compared any of these alternative approaches for evaluating
treatment sequences to assess, for example, how sensitive
results were to the type of model used. A number of stud-
ies did report choosing a discrete event simulation over a
state transition model due to the improved computational
efficiency [48, 68, 104, 122]. The level of complexity in
the decision problem accounted for in the models varied
quite considerably, even when evaluating similar treatment
sequences within the same disease condition. The decision
problem was also simplified by modelling a limited num-
ber of treatment lines, streamlining the disease process, and
using a short time horizon. For example, some studies used a
2-5 year time frame, rather than a lifetime horizon, for mod-
elling treatment sequences for rheumatoid arthritis, because
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a longer time horizon implied too many assumptions [71, 78,
79, 84, 112, 113, 124].

3.3.2 Simplifying Assumptions Regarding Sequences
of Treatment

Treatment sequences were often modelled as a series of
discrete treatments, each requiring a summary effect esti-
mate conditional on positioning in the treatment pathway.
The scarcity of data to inform such estimates meant that
simplifying assumptions were often applied to the avail-
able data on discrete treatments used at a single point in the
pathway. A range of simplifying assumptions used to rep-
resent treatment-sequencing effect estimates was identified,
which were used to develop a novel taxonomy of all possible
assumptions (Table 3). The most common assumptions were
that treatment effect is independent of positioning in the
sequence, or that treatment effect is dependent on the num-
ber of previous treatments (treatment line), but independent
of the type of treatments used (Table 4). These assumptions
were frequently not validated; nor was their impact on the
overall results assessed. Forty-nine studies (72%) assumed
that the effect of either all or some of the treatments used
after the first treatment modelled (or decision point) were
independent of treatment sequence. Only six studies (9%)
evaluated the impact of applying this assumption in sensitiv-
ity analyses, by reducing the effect of treatments used later
in the sequence using a factor based on evidence [67, 69],
an arbitrary amount [15, 93, 110], or expert consensus [14].
The assumption that treatment effect is dependent on line of
therapy was often used in conjunction with the assumption
of treatment independence, applied to treatments adopted
later in the sequence.

The available evidence to inform treatment-sequenc-
ing effects impacts the type of assumptions required. The
review focused on modelling studies that evaluated treat-
ment sequences, but economic evaluations often focus on the
comparison of discrete treatments and model downstream
costs of subsequent treatments. The findings demonstrated
that priority was often given to matching the evidence for
the decision point, for example, comparing first-line biolog-
ics, rather than considering treatment sequences as a whole.
Economic evaluations undertaken by, or on behalf of, manu-
facturers of health technology tended to focus on a specific
decision point reflecting treatments used in pivotal RCTs
matching the licence indication, for example, comparing a
TNF inhibitor to a conventional DMARD [74, 80, 101], or
a non-TNF-inhibitor biologic to a TNF inhibitor [101]. The
data sources used alongside the simplifying assumptions
for treatments used beyond the decision point varied, even
when considering the same decision problem and address-
ing the same evidence gap. For example, data sources used
to inform sequential TNF inhibitors included the following:
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RCTs of TNF inhibitors used as first-line biologics [45, 67,
72, 83, 87, 89, 92, 96, 101, 109], a national patient regis-
try [81, 101, 104, 115, 122], a large, uncontrolled, open-
label study of a specific TNF inhibitor in patients who had
previously discontinued TNF inhibitors [78, 79, 84, 107,
112, 113], and an RCT of a non-TNF-inhibitor biologic in
participants with an inadequate response to TNF inhibitors.
The effects of treatments administered later in the treatment
pathway were also handled in different ways. For example,
in a technology appraisal of TNF inhibitors for rheumatoid
arthritis [83], the initial treatment response for each sub-
sequent conventional DMARD was explicitly modelled,
whilst in another technology appraisal of TNF inhibitors
for psoriatic arthritis [16], the economic model assumed
that patients experienced a steady long-term deterioration
after the failure of the TNF inhibitor. Therefore, fluctuations
caused by response to subsequent conventional DMARD:s,
which were considered to be administered as part of pallia-
tive care, were ignored. The uncertainty in the quality of the
alternative evidence to inform sequencing effects was not
investigated in depth.

Decision models that start at the point of diagnoses are
more likely to reflect the complete sequence of treatments
used in chronic conditions, for example, some studies of
biologics in rheumatoid arthritis developed the decision
population within the actual model, with patients entering
the model being newly diagnosed with early disease [67,
75, 83, 85, 99, 122]. However, the likelihood that there is
no matching evidence is increased, and more assumptions
are required. Another approach is to model the initial treat-
ment used prior to the decision point (e.g. when comparing
second-line biologics), and apply the assumption that the
entire patient population on entering the model have an inad-
equate response to the first modelled treatment (e.g. first-line
biologic). This approach was used in the Advanced Simu-
lation Model, to allow the initial treatments to be costed
appropriately, reflecting treatment sequences used in practice
[71, 78,79, 84, 112, 113]. However, the evidence used to
inform the treatment effects of the second TNF inhibitor
did not match the prior TNF inhibitor failed (first treatment
modelled). The third and most common approach was to
include a patient population entering the model that reflected
the decision problem in terms of the number of previous
treatments used, for example, patients receiving their first
biologic therapy. Modelling studies that only consider the
impact of subsequent treatments when, for example, com-
paring first-line biologics [71, 72, 74, 75, 83, 89, 101, 120,
123, 127] are generally based on the assumption that the
sequences being compared are starting from a level playing
field. The potential impact of this is not generally considered
within the sensitivity analysis, as it is not part of the cost-
effectiveness estimates.
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A frequent problem when evaluating the introduction of a
new treatment to an established sequence is the lack of data
to inform the ‘displaced effect’. For example, when adding
a new drug (e.g. non-TNF-biologic agent) to an established
sequence (e.g. starting with a TNF inhibitor), the existing
drug is displaced lower down the sequence (Box 2), and is
generally modelled as both the comparator (e.g. first-line)
treatment in the baseline sequence and the subsequent (sec-
ond-line) treatment, after the new drug, in the intervention
sequence. The same treatment effect is generally applied to
the existing drug, irrespective of whether it is used early or
later in the sequence (and disease trajectory), with no RCT
data available on its effect in patients with an inadequate
response to the new drug.

4 Discussion
4.1 Summary of the Findings

The review identified a range of quantitative evidence syn-
thesis methods used for evaluating the effectiveness of alter-
native treatment sequences. The findings demonstrated the
following:

i Reviewing the evidence on treatment sequencing is nei-
ther trivial nor straightforward.

ii In most cases, treatment sequences represent complex,
multifaceted, dynamic intervention pathways, which
will require advanced methods of quantitative evidence
synthesis, especially if evaluated using a ‘one-step-at-
a-time’ approach.

iii Prospective sequencing trials are few in numbers and
do not cover the breadth of decision making needed.
The evidence synthesis would likely need to consider
the inclusion of diverse study designs, including non-
randomised studies.

iv The problem has largely not been addressed using evi-
dence synthesis methodology for clinical effectiveness,
but is usually dealt with at the decision modelling stage.

v. There is no single best way to evaluate treatment
sequences; rather there is a range of approaches and, as
yet, no generalised methodology that encompasses the
different assumptions used.

vi Each approach has advantages and disadvantages and is
influenced by the evidence available and decision prob-
lem.

vii When using a one-step-at-a-time approach, previous
treatment is an important effect modifier, and subsequent
treatments can confound long-term outcomes, such as
survival.

viii The reason for discontinuing treatment (lack of effect,
loss of effect, or intolerance) has a differential effect on

the effectiveness (and choice) of subsequent treatment,
and is poorly reported in primary studies.

ix The extent and type of sequences being evaluated tended
to reflect the available research evidence, rather than
clinical practice.

4.2 Comparison with Existing Reviews

We identified three existing reviews of methods for evalu-
ating treatment sequences. This included two systematic
reviews of economic evaluations [4, 141] and one review of
published UK NICE technology appraisals [3]. Mauskopf
et al. analysed treatment-sequencing assumptions after
failure of the first biologic in cost-effectiveness models of
psoriasis, and compared the modelled sequences with the
most recent treatment guidelines [141]. They concluded
that models of first-line biologics either do not include
subsequent treatments or include only some of the regimes
recommended in current guidelines, and that cost-effec-
tiveness results may be sensitive to the assumptions about
treatment sequencing, and choice and efficacy of subse-
quent treatment sequencing regimens. Tosh et al. assessed
and critiqued how sequential DMARDs for rheumatoid
arthritis have been modelled in economic evaluations [4].
They found that reporting of the methods and evidence used
to assess the effect of downstream treatments was gener-
ally poor; when lifelong models and treatment sequences
were considered, evidence gaps were identified. They con-
cluded that methods were not applied consistently, leading
to varied estimates of cost-effectiveness, and that treatment
sequences were not fully considered and modelled, poten-
tially resulting in inaccurate estimates of cost-effectiveness.
Zheng et al. investigated approaches used to model treatment
sequences in NICE appraisals to provide practical guidance
on conceptualising whether and how to model sequences in
health economic models [3]. They concluded that the big-
gest challenge is the scarcity of clinical data that capture
the long-term impacts of sequences on efficacy and safety.
Three commonly used assumptions to bridge the evidence
gap were identified, but each had its own limitations. These
included the assumption that the efficacy of a treatment
stayed unchanged regardless of line of therapy, the use of
data from trials in different lines of therapy to directly model
a treatment sequence, and the use of retrospective studies of
clinical registries or databases. The findings of these reviews
were consistent with ours, though their scope was more lim-
ited in that they focused on either a single condition or UK
NICE appraisals.

4.3 Strengths and Limitations of the Review

This is the first review of methods to investigate the evalu-
ation of treatment sequencing across all clinical scenarios,
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Box 1 Potential bias or limitation in non-randomised, real-world observational studies that are specific to the evaluation of treatment
sequences

i. Selection (allocation) bias results in systematic differences in prognostic factors between individuals in treatment and control groups,
e.g. a cohort of patients receiving their first tumour necrosis factor (TNF)-inhibitor compared with a cohort receiving a second or
subsequent TNF-inhibitor. Patients in the second group are likely to have worse prognoses and show limited responses to all treatments
[9, 175]. Adjustment for both baseline and post-baseline prognostic factors is necessary, to ensure the comparability of treatment groups
[166].

ii. Channelling bias favours patients with more severe disease. New treatments create expectations of improved effectiveness and tolerabil-
ity; early, post-marketing users are likely to be those who experienced little or no benefit from existing drugs and may therefore respond
to the new drug in a way that is not representative of the eventual user population [176].

iii. Regression to the mean occurs because patients tend to be treated with a second or subsequent treatment at the height of their disease
activity, where there is a greater than 50-50 likelihood that the condition will start improving after the intervention purely by chance [22].

iv. Confounding by disease duration occurs in conditions such as sciatica and rheumatoid arthritis, where the longer the disease duration,
the less likely that patients will respond to any treatment [14]. Treatment history can be both correlated with disease duration [10] and act
as independent effect modifier [10].

v.Enrichment of successive treatment use with refractory patients A small proportion of patients have refractory disease that will
not respond to any treatment [14]. Populations receiving second-line or subsequent treatments are more likely to be enriched with such
patients. This is related to class effect bias (vii). Patients who fail initial treatment due to a tolerability or safety issues are likely to have
the same problem with any alternative drug from the same class, increasing the risk for developing an adverse event in patients who
switched due to an adverse event [16].

vi. Immortal time bias occurs in studies that limit inclusion to patients who are receiving a specific line of treatment (e,g, third-line
chemotherapy) [52] or have completed a predefined sequence, and overlook patients who are continuing the initial treatment, or lost to
follow-up after first-line treatment due to lack of efficacy, clinical deterioration, death or drug acceptability issues [52]. It is particularly
relevant for treatments of advanced cancer where a large proportion of patients may not complete the sequence, or receive multiple treat-
ment lines [52].

vii. Class effect bias, which is the possibility that the comparison between drug classes may be confounded by differences in the type of
patients treated with each class [52].

viii. Aggregate data collection is a limitation of real-world observational studies that do not report individual treatment or drug-level
data. Any subsequent evidence synthesis has to be based on pooled data across treatments at class level, even when there is evidence that
individual drug effects can vary within a class [11]. Class level treatment effects are often reported even when access to individual patient
data is available [82].

ix. Missing or inaccurate data may be obtained from real-world practice. Patient registers and administrative databases are rarely set up
for evaluating treatment-sequencing, and may not involve a high level of rigour in recording events [52].

x. Variability in how the same outcome measure is conceived across different studies is a particular issue in oncology when using pro-
gression free survival (PFS) to evaluate the impact of a sequence of treatments (e.g. using the sum of the progression free survival period
for each treatment line). PFS is a composite endpoint, which may or may not incorporate a treatment free period before the next treatment
resulting in a differential impact on the results; this needs to be accounted for in any pooled analysis [11]. Importantly, the use of PFS
associated with each successive treatment line to inform treatment-sequencing assumes that all treatment effect from each treatment line
stops on progression [11]. Alternative endpoints that have been proposed for evaluating a fixed sequence of treatments [183] include:
Duration of disease control (DDC) and Time to failure of strategy (TES).

NB The type of biases listed here may not be mutually exclusive and the descriptors may not be consistently used in the published litera-
ture, for example the phenomenon described as “regression to the mean’ can also be representative of both a class effect and a channelling

bias, favouring patients with more severe disease [180].

and to include both meta-analytic techniques and decision-
analytic modelling. It represents an extensive in-depth
review of current methods used to evaluate the clinical
effectiveness of treatment sequences, representing a broad
and disparate area of research.

A potential limitation of our review is that the reference
database searches were not updated. However, targeted hand
searches were continued during the review process and stud-
ies published beyond 2013 have been included. Neverthe-
less, more recent studies were only included if they contrib-
uted new findings, and the searches stopped when no new
information was being found. This means that the review
could have potentially missed new methods developed in
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the last few years. Updated targeted hand searches identified
a new modelling technique (DICE) that was not previously
included in our review. This has since been included. How-
ever, the methods used to conceptualise treatment sequences
and the level of reality captured in the DICE model did not
change the findings and recommendation of our review. The
methods used to develop treatments sequencing effect esti-
mates and the accompanying simplifying assumptions made
within the new studies [45, 46] were also the same as those
included in our review. The assessment of recent studies
included in a new systematic review of economic evalua-
tion of sequences of biological treatments for patients with
rheumatoid arthritis, published in 2020, did not identify any
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studies reporting methods or simplifying assumptions not
already incorporated in our review [44].

4.4 Recommendations for Practice
4.4.1 Primary Study Design

The available evidence base for evaluating new treatments is
often driven by the requirements for regulatory approval, and
thus focuses on discrete treatments used at a defined point in
the pathway [142, 143]. The lack of data on the effectiveness
of these treatments when used at another point in the path-
way is a barrier to making policy decisions about the optimal
positioning of new treatments or treatment sequences. The
GetReal project (Sect. 3.2.4) included a stakeholder engage-
ment workshop to solicit views on the usefulness and accept-
ability of their analytic approach [144]. Interestingly, the
regulators considered it to have limited usefulness because
the evidence requirements for marketing authorisation
in rheumatoid arthritis is line specific, whilst the pharma
research and development representatives considered it use-
ful in principal, to better understand the gaps in the evidence
across lines of therapy and aid the design of future clinical
trials [144]. The focus of primary research on discrete treat-
ments is unlikely to change unless the regulatory authorities
specify the importance of treatment sequencing or optimal
positioning of new treatments. The reimbursement agencies
and HTA bodies should also make recommendations on the
nature of the clinical evidence required to inform treatment
sequences [145, 146].

4.4.2 Health Technology Assessment

It is important to identify the relevance of, or the need to
consider, treatment sequencing early on in the technology
assessment process, and incorporate both the clinical and
economic evaluation. Treatment sequencing was often con-
sidered as part of the economic evaluation only, and not
considered in the clinical evaluation [17, 67, 83, 85, 95, 99,
106, 116, 126, 147]. A previous review of NICE technology
appraisals also identified a lack of integration or direct use
of the systematic review to inform the economic evaluation,
and the need to consider the data requirement of the eco-
nomic model at an early stage [148].

The development of an initial analytic or conceptual
framework [40, 149] provides an essential tool for the plan-
ning and evaluation of treatment sequences. It can be used
to consolidate the requirements of the clinical and economic
evaluation; assist in communication within the research
team and with a range of stakeholders; ‘think through’ the
multiple components of the treatment pathways and dis-
ease-specific events in context; enhance the transparency
of underlying assumptions; and inform choices about the

level of structural complexity required by the model [40,
139, 150-153]. For some chronic diseases, it may be useful
to create a disease-specific conceptual framework that can
serve as a foundation for developing future HTAs and eco-
nomic models of current and novel treatments [154], thus
potentially allowing for greater stakeholder feedback and
future improvement. There is also a need to depict treat-
ment sequences as a tree, rather than a linear sequence of
treatments, thus accounting for the complex and dynamic
intervention pathways that they represent. Although methods
were developed that accounted for the fact that the reason for
treatment discontinuation (e.g. loss of effectiveness, adverse
events, non-adherence) might determine the average effec-
tiveness for the next line of therapy, the reality is that this
may also affect the choice of therapy for the next line. A
tree structure is adopted in the SMART design, which is a
multistage trial designed to develop and compare treatment
pathways that are adapted over time based on individual’s
response and/or adverse effects [28].

The time and resource constraints of HTA, accompanied
by limited evidence, may render an extensive model unreal-
istic. It may therefore be tempting to simplify the treatment-
sequencing decision problem. However, a model based on
an oversimplification of the decision problem and clinical
practice is also unlikely to be useful for decision makers.
An alternative approach would be to develop a model that is
designed to address any/multiple decision problems, rather
than a single use model. This may be relevant, not only for
chronic disease, but also in the introduction of new treat-
ments in a rapidly changing clinical field, such as oncology
[5]. The likelihood that the available data to inform sequenc-
ing effects may improve over time also supports develop-
ing a model that is easily updated. This is consistent with
recent calls for the use of disease-specific reference models
[155], pre-verified modules [156], and open-source mod-
els [157] to improve the accuracy of economic evaluations.
Our review identified some good examples where a model
was further developed over time to address multiple reim-
bursement decisions (e.g. Birmingham Rheumatoid Arthritis
Model [BRAM] [75, 158], Tran-Duy model [68, 122], Shef-
field rheumatoid arthritis models [159], and the Advanced
Simulation Model [78]). However, each was developed by
the same research group. An important challenge here is the
need to make sufficient detail on the original model openly
available.

A mathematical challenge for comparing multiple per-
mutations of sequences is to determine the proper starting
point of the model. This is also relevant when using a model
designed for multiple uses, which may start at the point of
diagnosis [75], a key point in the treatment pathway (e.g.
initiating DMARD therapy [122] or biologic therapy [78]),
or the point at which the decision is made (Sect. 3.3.2). All
evaluations should start at the point of divergence (i.e. the
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Box 2 Illustration of the different types of treatment-sequencing decision problems

decision problem type.

a). ‘Optimum sequences’

number of sequences for comparison in advance)

b) ‘Predefined sequences’
A-B-C
B-A-C
X-Y-Z

c) ‘Disease approach’
A-B

B-A

or

X-A-B

A-B-X

d) ‘Single point’
A-B-C-D
A-B-X-D

e) ‘Different points’
X-B-C-D

A-X-C-
A-B-X-
A-B-C-

© oo

Comparison of X used at different points in the sequence
f) ‘Adding’ a new treatment to an established sequence
A-B-C-D

A-B-X-C-D

As part of the review of modelling studies, a coding scheme was developed for categorising modelling studies according to the type of deci-
sion problem relating to treatment sequences that was evaluated. The codes used are illustrated below. Some studies include more than one

Identifying the best sequence out of all conceivable sequences (as opposed to comparing predefined sequences, thus selecting a manageable

Comparison of pre-specified sequences; also incorporates the following:

Comparison of ‘step-up’ vs ‘step-down’ approaches, or the use of new drugs first vs starting with older, established drugs.

Comparison or decision point = C vs X. Treatment C is replaced by X in the second sequence

Comparison or decision point = C vs X. Treatment C is displaced by X in the second sequence

point at which a decision might be made) [75]. Models used
for comparing multiple permutations of sequences often
include the same first one, two, or three lines of treatment.
This will essentially ’dilute’ the true incremental effects
(and costs) of treatment since some patients will have died
(and left the model) before the point of divergence. Thus,
when calculating the incremental outcomes per patient, the
denominator will be greater than should have been used,
meaning that the incremental results will underestimate the
true effects.

A number of studies developed a model based on an
existing approach. Existing modelling approaches could
also, potentially, be adapted for use in a different disease
condition. However, when using an existing model, it is
important to consider what underlying assumptions regard-
ing treatment sequences were applied. For example, the York
psoriasis model [126], which has subsequently been used by
multiple studies evaluating treatment sequences in psoria-
sis [141, 160, 161], is based on the underlying assumption
of treatment independence. The underlying assumptions of
some existing modelling approaches mean that they will not
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be suitable for assessing the treatment sequences for some
chronic conditions.

4.5 Taxonomy of Simplifying Assumptions Relating
to Treatment-Sequencing Effects

The taxonomy of simplifying assumptions (Table 3) pro-
vides a unique and important resource to inform future
practice and has the potential to be an important tool for
clarifying the extent to which treatment-sequencing effects
have been accounted for within a decision model. It can
be used as a checklist by modellers to help them consider
whether treatment sequencing should be modelled, and what
implicit assumptions they may be making. It can also be
used by reviewers or policy decision makers to appraise or
better understand an existing model. However, to apply the
taxonomy, better reporting of the simplifying assumptions
made is required.

Our taxonomy focused on the simplifying assumptions
made regarding the initial treatment effect (of discrete
treatments conditional on their position in the treatment
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Table 3 Taxonomy of simplifying assumptions relating to treatment-sequencing effects used by studies included in the review

Simplifying assumptions taxonomy

Treatment independence

Substitution with another treatment effect

Modification of treatment effect

Impact of time since previous treatment

Displacement effect ignored

The use of uncontrolled/observational studies without bias adjustment

Treatment effect is independent of positioning in treatment sequence

Treatment effect is dependent on the number of previous treatments
used, but independent of the type of treatments used

Treatment effect is the same as an alternative treatment from the same
class, or a generic class effect—irrespective of positioning in the
sequence (generic effect)

Treatment effect is the same as an alternative treatment from the same
class, or a generic class effect—matching the same position in the
sequence (positional generic effect)

Treatment effect is the same as an alternative (substitute) treatment from
a different class of treatments, used at the same point in the sequence
(substitute treatment)

Treatment effect is reduced/increased, in line with a multiplier (multi-
plication factor), when used at a later point in the sequence. (Here, the
specific multiplication or reduction factor used to modify the effect is
informed by the available evidence that is also relevant to the treat-
ment of interest.)

Treatment effect decrements by the same pre-set amount with each
successive treatment (decrementing effect). (Here, the same generic
proportional reduction, used to represent the diminishing effects, is
applied at each point in the sequence irrespective of the treatment
used. The proportion is not necessarily based on a specific evidence
base.)

Treatment effect is reduced with disease duration, and treatments are
not as effective when they are used in late disease

Treatment effect is not affected by previous treatments if patients
have been in long-term remission, and thus can re-use the same
treatment(s)/class of treatment(s) as that which achieved the prior
remission

A single treatment effect does not differ when it is displaced (i.e. its
position in the sequence is changed) by the addition of a new prior
treatment (displacement ignored)

Uncontrolled trials or observational studies provide an un-biased esti-
mate of treatment (sequencing) effects

Expert consensus provides an un-biased estimate of treatment-sequenc-
ing effects

pathway). This incorporates the impact of previous treat-
ment, differential reason for discontinuing previous treat-
ment, and increasing disease duration. However, the tax-
onomy did not consider the assumptions made about the
long-term effect of treatment. Many treatments of chronic
conditions, such as rheumatoid arthritis, result in an initial,
short-term improvement, followed by a period of waning
effect. In some models, when patients move quickly through
the sequence of treatments (for example, early discontinu-
ation due to adverse effects), simulated patients can actu-
ally benefit from having multiple ’short-term’ benefits from
different treatments, thus gaining an additive effect. Some
included models of inflammatory arthritis attempted to over-
come this problem by introducing a ‘rebound’ effect, which
automatically returns the patient to their starting severity
(used in, for example, the Diamantopoulos model [89]), or
following some natural, background increase (as used in the
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BRAM [158]). Although the evidence to support this type
of assumption is weak, it is arguably better than the false
benefits generated by models otherwise. Similarly, the issue
of accumulating short-term benefit can also be problematic
where there is an asymmetry in the sequences being com-
pared, for example, the ‘adding’ decision problem illustrated
in Box 2. A false benefit can be introduced when model-
ling a sequence plus new treatment, in comparison to the
model without the added treatment, simply by allowing more
“short-term’ effects of treatments.

4.6 Recommendations for Research

An important outcome of the review is the gaps identified
in the research evidence. More research is needed to estab-
lish when it is necessary to evaluate treatment sequences,
and how best to make this decision. This is likely to be a
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condition-specific endeavour, but the methods will be rel-
evant across different clinical scenarios.

Further research is needed to identify how best to develop
a summary treatment effect of whole sequences or discrete
interventions conditional on positioning in the sequence.
This requires improved reporting on previous and subse-
quent treatment within primary studies, including better data
on reasons for discontinuing or switching treatment. Access
to individual patient-level data is also key here [35, 162].

Real-world disease-specific data sources can provide
essential follow-up data on entire treatment sequences, and
potentially be used to emulate a pragmatic randomised trial
of dynamic treatment sequences [27, 163-165]. If these
data sources are going to be useful, treatment sequences
need to be considered during the planning and development
stages. They will also need to go through many high-quality
validation studies [164]. The evaluation of whole treatment
sequences using real-world data also needs to take into
account the potential biases listed in Box 1.

Finally, little reference was made within existing research
on the potential, or actual role, of incorporating patient per-
spectives into the evaluation of treatment sequences. Further
work is needed to develop the optimal approach for involv-
ing members of the public in HTA of treatment sequences,
which should be informed by existing guidance and recent
research on patient and public involvement in systematic
reviews and economic evaluations [166—171]. As experi-
enced-based experts, patients can contribute essential knowl-
edge that is complementary to that of other key stakeholders,
such as clinicians and policy makers. Their involvement, on
an equal basis to other stakeholders, is likely to be relevant
to all stages of the HTA, including refining the scope and
decision problem, the evidence synthesis, evidence inter-
pretation and integration, and dissemination and application
[172].

5 Conclusions

The review illuminates a significant gap in methods devel-
opment. It also demonstrates important limitations in the
primary studies, which tended to focus on the evaluation
of discrete treatments, with poor reporting of any previous
or subsequent treatments. The increasing use of NMA in
HTA demonstrates an acknowledgment that clinical and
policy decision making should account for the multiple treat-
ments available for many chronic conditions. However, the
sequential use of these treatments has yet to be accounted
for within clinical evaluations, with most meta-analysis
being conducted of discrete treatments that may or may not
be stratified by line of therapy. The economic modelling
exposes the need to consider treatment sequences, but this
is often based on the simplifying assumption of treatment
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independence. This can lead to misrepresentation of the true
level of uncertainty, potential bias in estimating the effec-
tiveness and cost-effectiveness of treatments, and eventually
the wrong decision.

In summary, there has been no co-ordinated approach
to the important issue of evaluating the effectiveness and
cost-effectiveness of treatment sequencing. This is a major
shortfall at a time when the cohort of people with com-
plex chronic conditions, requiring sequential treatments,
is increasing. The findings of the review will help policy
makers and researchers gain traction in answering questions
about the effectiveness of different treatment sequences.
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